Abstract -To understand the biological transport and utilization of dioxygen at the level of mechanistic chemistry it has been necessary to synthesize small molecules (active site sections) which carry out the binding or catalytic function. We have prepared iron porphyrin compounds which mimic the dioxygen binding to myoglobin and the oxidations catalyzed by peroxidases and related enzymes. Using a combination of structural and environmental perturbations and millisecond to subpicosecond laser photolysis methods of following bimolecular or cage reactions we have established many of the factors which control dioxygen binding to heme proteins as well as details of cage processes in ligand binding to small molecules. Additionally, effective catalysts for biomimetic oxidations have been developed and studied by kinetic methods. Studies of the effects of catalyst, oxidant and substrate structure and of environment on the rates of these catalytic processes have allowed mechanisms of epoxidation, hydroxylation and biomimetic suicide labelling to be determined.
INTRODUCTION
Dioxygen is transported and used in many biological systems through chemical reactions of heme proteins and other metalloproteins (ref. 1). The first protein crystal structures revealed that the active site for transport is an iron@) protoporphyrin complex buried in the protein and attached through the iron to a protein base, often an imidazole of a histidine group (ref. 2) . Later biochemical studies revealed that this same site carries out a variety of reactions, e.g. the reduction of hydrogen peroxide (ref. 3).
MODEL SYSTEMS FOR BIOLOGICAL OXYGEN TRANSPORT
Efforts to synthesize small molecule assemblies which duplicate the structure as well as the reactions of the heme proteins have taken two directions: preparation of stable five coordinated iron(I1) porphyrin (heme) species and, simulation of the pocket in the protein with a large protecting group over or around the iron (ref. 4) .
Our approach to these two objectives involved the synthesis of a protected porphyrin, a "cyclophane porphyrin" for the pocket (ref. 5) and covalent attachment of an imidazole to analogues of protoheme, systems we have called "chelated hemes " (ref. 6 ).
Dioxygen binding to hemes was first observed at low temperature (ref. 6) but in subsequent studies both steric protection, which prevents bimolecular self oxidation of iron(I1) (e.g. picket fence hemes (ref. 7)) or capped hemes (ref. 8) and fast kinetic methods (ref. 9) , in which kinetics and equilibria are easily measured before oxidation sets in, were used to study dioxygen binding. There are now many examples of superstructured hemes which form stable complexes with dioxygen at room temperature (ref.
4).
Extensive studies (ref. 4, 10) in these several kinds of model systems have revealed the principal factors which can control dioxygen (and other ligand) binding. Table 1 summarizes the effects of solvent polarity, electron donation to the heme or the fifth ligand, steric hindrance, and hydrogen bonding. a On = association rate, G; Off = dissociation rate, k i ; Eq = equilibrium constant, K: ; N = no effect, D = large decrease, d = small decrease, I = large increase, i = small increase.
This table suggests that, in the relative binding of CO or 0 2 , the differentiation is accomplished by polar effects and not by steric hindrance. Although this conclusion has been subject to some controversy, due in part to the finding that both CO and 0 2 form bent complexes in proteins (ref. 11) but only 9 forms a bent complex with unhindered models (ref. 12) , it seems to be generally accepted (ref. 13) . The fast kinetic studies, described below also address this point.
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Fast and very fast kinetics
Recent studies of the photolysis of heme protein complexes of CO in low temperature glyceroVwater glasses (ref. A series of psec of spectra after photolysis in toluene. Times: 0, 0, 2, 4, 6, 8, 12, 20, 29, 40 , and 50 psec. The first difference spectrum corresponds to the spectral difference between BHmCNMe and BHm. The HmCNR species absorbs around 410 nm (ref. 19) . Very similar spectroscopic evolutions are seen with the photolysis of the corresponding complexes of pyridines, tetrahydrofuran, isocyanides, and with dioxygen (in myoglobin) (ref. 20) . No such spectroscopic evolution on the psec or nsec time scale is observed when the photolyzed ligand is carbon monoxide and the solvent toluene. Changing to the higher viscosity solvent glycerol does reveal this fast process although its rate constant, -lo9 sec-l, is smaller than those for the other ligands (ref. 21) . This difference between CO and the other ligands had already appeared in the bimolecular rate constants, the kk of eq. 1 being around 107M1 sec-1 for CO and 2 x 108 M-l sec-l or all other ligands. Apparently all the ligands bind at diffusion controlled rates isocyanides and an acceleration of bond formation for CO (ref. 23 ) as the pressure is increased.
Our experimental findings are represented in Fi ure 2 where the exponential rates are expressed in thee linear time early excited state decay in about 2psec), one having a rate constant near 101hec-l (contact pair return) and one which is bimolecular (external return). Similar rate constants are observed for all ligands except CO where the observed geminate rate constant at high viscosity is around 3 
The most striking of our findings is that the collapse rate constant (kl E 5 x 101osec-1) is very nearly the same for the model, for a hindered cyclophane (ref. 25), and for myoglobin using the rather large t-BuNC ligand. This means that there is no steric effect on the bond-making step, k-1. Thus there is no distal steric effect of the type often discussed for myoglobin. The bending of carbon monoxide in myoglobin therefore has nothing to do with the slow rate in myoglobin as compared to isolated models. The differences occur mostly in k-3, k3, and k-2, in external and protein return, not in contact pair return. Perhaps the term "migrational steric effects" better describes the retarded heme protein rates than does distal side steric effects (ref. 26). The conclusions here are the same as those of Table 1 .
Molecules of the same size and shape, e.g. CO, 9 and NO, are not differentiated by steric effects at all since their diffusional properties are the same. But migrational steric effects retard the rates of these ligands and retard more severely the rates of binding of larger ligands.
Cage wall collapse
These systems provide a unique opportunity to study the effects of reactive cage walls (ref. 27). One example shows that contact pairs do not readily exchange with equally reactive ligands present in the solvent. Carbon monoxide has k-1 = 109sec-1 and 1-methylimidazole has k-1 = 5 x l01osec-1. Photolysis of CO in pure 1-methylimidazole shows very little if any 1-methylimidazole return (wall collapse) in the psec time scale. A slower return kgn 3 x 1O9sec-l can be attributed to the bimolecular reaction which has a second order rate constant of 2 x 108M-1sec-1. In other systems, for example in tetrahydrofuran, reaction of the solvent with the heme exceeds the predicted bimolecular rate, suggesting some reaction with the contact pair. Fast solvent reactions with chromium pentacarbonyl have also been reported (ref. 17).
MODEL SYSTEMS FOR BIOLOGICAL OXIDATIONS
The discovery of cytochromes P450 which are capable of catalyzing epoxidation and hydroxylations of saturated hydrocarbons (ref. having an Fe = 0 bond and most of the positive charge on the porphyrin ring. This "iron(1V) radical cation" is symbolized here by Hm+O and its one electron reduced counterpart by HmO (an iron(IV) porphyrin with an Fe = 0 bond). Our interests, like those of several other research groups, have centered upon studies of mechanisms by which oxidizing agents YO, which do not carry out the reactions of interest, react with iron(II1) porphyrins to produce either the Hm+O or HmO species and how these species accept an electron from the substrate or transfer an oxygen atom to it.
Preparation of stable biomimetic catalysts
The principal methods used in our laboratories have been kinetic studies of these processes. For kinetic studies of catalytic processes to be definitive two things are requisite. 1. The catalyst must survive the reaction during kinetic measurements and be capable of high yield and high turnover catalysis. 2. Kinetic methods which are convenient and rapid enough to detect intermediates are needed. Catalyst suMval has been accomplished in two ways, each employed for a specific objective. Either the substrate is made much more sensitive to oxidation (eq. 7) than the catalyst itself or the catalyst is made more resistant to oxidation (eq. 8) than even the most stubborn substrate.
(7)
Hm+O + Hm+ -kdes catalyst destruction We have accomplished the catalyst stabilization of iron tetraphenylporphyrins toward reaction 8 by substituting halogens for some or all of the phenyl hydrogens (ref. 34) . A few of these catalysts are shown in Table 2 . Their stability toward oxidative destruction increases in the order 1 + 8.
As an example of the stability achieved, in the oxidation of cyclohexane.at low conversion, a 93% yield of cyclohexanol with only 2.5% cyclohexanone is obtained without catalyst loss, using catalyst 5. Clearly, kinetic studies of this reaction are possible with this catalyst. By comparison, iron(II1) tetraphenylporphyrin affords only a few percent yield and is completely destroyed under these conditions.
Kinetic methods in catalytic oxidations
For studies of the effects of hemin structure on rates of reaction we have searched for sensitive substrates which have convenient spectroscopic changes upon oxidation as well as oxidants which have similarly convenient spectroscopic changes upon reduction (ref. 35a 
dtdt
Effects of hemin structure and environment on rates
The reacti n of oxidants such as peracids, hydroperoxides or iodosylbenzenes with iron(n1) porphyrins could produce either Hm 0 by a heterolytic cleavage (eq. 15) or HmO by a homolytic cleavage (eq. 14). The oxidant can reasonably be expected to attach to the iron before cleavage and there is now compelling evidence that this is a reversible step (K1) of eq. 
HmOOR + HX 3 Hm' O + ROH(orRO-)+X-
When HmOOalkyl is produced at low temperature in aprotic solvents or under very basic conditions, the products of decomposition suggest homolytic cleavage (reaction 14) (ref. 38). However, in hydroxylic solvents all three classes of oxidants we have used appear to react by heterolytic cleavage (reaction 15). This is evidenced by the products obtained (epoxides from alkenes, alcohols from ROOH) and by the response of the rates to changes in structure or medium (ref. 39).
We have determined the effect of electron donation to the hemin upon rates of reaction with pentafluoroiodosylbenzene (ref. 40). The fact that electron donating substituents increase the rate of oxidation while decreasing the equilibrium constant corresponding to K1 of eq. 13, by making the iron(II1) less electrophilic shows that the rate limiting step in this process is the breaking of the I -0 bond (ref. 39a,40a). (Set concentrations of S1 the same as S2)
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The product method is generally accomplished by gas chromatographic analysis (ref. 45,46) . The kinetic method can also be done this way, but the convenient method uses as S1 an alkene such as 1,4-diphenylbutadiene (DPBD) whose absorbance loss can be followed, as illustrated in Figure 5 The relative rates can be calculated from the initial slopes or from the infinity point (S10 yield). These two methods usually give the same result. For example norbomene, which affords quantitative epoxidation yields, gives the same result by either method.
Using the kinetic method we have established that the relative rates correlate with alkene ionization potentials (ref. 35b ). An example of this correlation is seen in Figure 6 (ref. 47).
Several interesting points are revealed here. First, the reaction rate is increased by 0-71 conjugation of both the cyclopropyl group and the -CHzSiMe3 group which have of values of -0.5 and -0.6 respectively (ref. 48). Secondly vinyltrimethylsilane, which is activated toward electrophilic attack (ref. 49) as is allyltrimethylsilane, is nevertheless even slower to react than are 1-alkenes. The activation of vinyltrimethylsilane by 0-71 conjugation requires a rotation of the carbon-metal bond. The low observed reactivity is strong evidence against direct electrophilic attack, which would result in strong 0-71 conjugation.
Additionally, the acceleration provided by the second cyclopropyl group in 1,2-dicyclopropyl alkenes argues strongly against a direct electrophilic attack which would prevent (T-x conjugation of the second cyclopropyl (or phenyl in cisstilbene) group. But these findings are well accommodated by the electron transfer mechanism or the direct three center oxygen transfer (eq. 23). Because the N-alkylhemin has a very different spectrum from that of the hemin, we can follow the rates of N-alkylation and epoxidation simultaneously using the specaa of the oxidant and of the developing N-alkylhemin (kmax = 435nm). Because both processes are controlled by the rate of production of Hm' O, the rates are given by the equations below. kdS] epoxide (ep)
Clearly, the ratio of initial slopes afford the relative rates of epoxidation and N-alkylation, the partition ratio. This is the kinetic method. Alternatively this ratio can be measured by isolating both epoxide and N-alkyl porphyrin at the end of the reaction as others have done (ref. 56a). As with alkene competitions the two methods do not give the same result. The kinetic method gives partition numbers k3/k2 of around 50 (ref. 58) whereas the product isolation methods gives 150-800 for similar alkenes (ref. 46a,56a,57b) .
Because the N-alkylation is reversible, often with decomposition rate constants in excess of 0.05 sec-l, the kinetic method is required if true rate constants are to be determined. If, for example we attempted to determine the partition ratios for norbomene by isolation methods e.g. 30 min after the reaction is finished, the ratio would be essentially infinite. Since the partition numbers are almost constant over a series of alkenes whose relative epoxidation rates vary over factor of about 100, the N-alkylation rate must also be very sensitive to alkene structure and follow ionization potentials. The fact that these two processes vary together suggests a common intermediate. We can now offer a common mechanism for all three processes illustrated with a 1-alkene below. 
Alternatively, a concerted reaction of the radical cation could occur. It has been suggested that the change in rate with changing ionization potential is much smaller than can be expected for an electron transfer process (ref. 56a, 57b) . This is a weakness in the argument for our proposed mechanism. We (ref. 60) and others (ref. 31a,56,57) have suggested a continuum of mechanisms varying from molecular atom transfer with unreactive alkenes to electron transfer for very reactive alkenes (those with low ionization potentials). Our data seem to suggest electron transfer for reactive alkenes such as cyclohexene or norbornene.
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